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The tris(1,2,3-triazol-4-yl)methane framework offers a highly versatile architecture for ligand design, yet
the coordination chemistry of this class of ligand remains largely unexplored. We report here the synthesis
and characterisation of the homoleptic complexes [M(ttzm),l(PFe), (ttzm = tris(1-benzyl-1,2,3-triazol-4-
yl)-p-anisolylmethane; M = Fe (Fe), Ru (Ru), Os (Os)). Initial attempts to prepare Ru by reaction of [Ru(p-
cymene)Clyl, and ttzm also led to the isolation of the heteroleptic complex [Ru(p-cymene)(ttzm)l(PFg),.
The structures of [Ru(p-cymene)(ttzm)](PFg),, [Fe(ttzm),]?* (as its BPh,~ salt) and Os were solved by X-ray
diffraction. The homoleptic Fe(i) and Os(i) containing cations adopt distorted octahedral geometries due
to the steric interactions between the ansiole and triazole rings of the ttzm ligands. The homoleptic com-
plexes all adopt a low-spin d® configuration and exhibit reversible M(i)/M(in) processes (+0.35 to +0.72 V
vs. Fc/Fc*). These oxidation processes are cathodically shifted relative to those of related hexatriazole
donor based complexes with density functional theory (DFT) calculations showing the metal d-orbitals
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are destabilised through a n-donor contribution from the triazole rings. The complexes all show promi-
nent UV-visible absorption bands between 350 and 450 nm assigned to transitions of *MLCT character.
Whilst none of the homoleptic complexes are emissive in room temperature fluid solutions, Os is emissive
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Introduction

Tris(pyrazoly)borate (Tp) ligands, originally pioneered by
Trofimenko," have seen widespread use in coordination chem-
istry and have led to a wealth of coordination and organo-
metallic chemistry involving the d-block elements.>” The
basic ligand structure has been modified to modulate the
steric and electronic properties of the tripodal ligand, for
example, with replacement of the pyrazolyl N-donor with
N-heterocyclic carbene donor moieties®” that have enabled
access to first row transition metal complexes with exciting
photophysical properties.®®

Tris(pyrazolyl)alkane ligands as neutral analogues of the Tp
framework have also been explored.'®"" For example, Meyer'?
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1 Electronic supplementary information (ESI) available: "H and **C NMR spectra
of the ttzm ligand and its complexes, cyclic voltammetry traces, ttzm ligand
absorption spectrum, optimised ground state geometries and calculated mole-
cular orbitals, and summarised time-dependent DFT data. CCDC 2156981 ([Os
(ttzm),](PFe),), 2156982 [(Ru(p-cymene)(ttzm)](PFe),) and 2178375 ([Fe(ttzm),]
(BPhy),). For ESI and crystallographic data in CIF or other electronic format see
DOIL: https:/doi.org/10.1039/d2dt02503e
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at 77 K in an EtOH/MeOH glass (Amax 472 nm).

and Thomas have explored the coordination chemistry of tris
(pyrazolyl)methane ligands with Ru(u) with the Thomas group
reporting achiral DNA-light switch complexes when combined
in heteroleptic complexes with DNA-intercalating dipyridophe-
nazine-type ligands.”® Analogous neutral tris(pyridyl)ethane
(tpe) ligands have also recently attracted interest with Heinze
and co-workers reporting the homoleptic Cr(m) complex
[Cr(tpe),]*" which exhibits efficient near-IR phosphorescence
stemming from the highly octahedral coordination geometry."*
This leads to sufficiently large ligand field splitting such that
the T,y dd excited state lies above the ’E, state enabling
efficient intersystem crossing and microsecond-to-millisecond
timescale phosphorescence. The design of new rigid tripodal
ligands which provide highly octahedral coordination geome-
tries is therefore a current area of topical interest.
1,2,3-Triazoles, formed through copper-catalysed alkyne/
azide cycloaddition (CuAAC),">'® have become a useful ligand
design motif for coordination chemistry.”’*° For example, tris
(triazol-4-ylmethyl)amine based ligands may coordinate in a
substituent-dependent tripodal facial tridentate fashion
through all three triazole donors (e.g. [Fe(TPTA);](BF,), where
TPTA = tris(1-phenyl-1,2,3-triazol-4-ylmethyl)Jamine®®)  or
through two of the triazoles and the central amine donors (e.g.
[M(TBTA);](BF,), where M = Fe, Co and TBTA = tris(1-benzyl-

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Synthetically versatile routes to tris(triazolyl)methane ligands.

1,2,3-triazol-4-ylmethylJamine*"*?). The ligand may also bind
as a tetradentate ligand featuring a meridional arrangement of
the triazole donors.>*>°

Pericas and co-workers have reported the more rigid tripodal
ligand system, tris(1,2,3-triazolyl )methanol.>’* This ligand has
been used to form Cu(1) complexes which are themselves potent
CUAAC catalysts.”® Beyond copper’’ there has only been
reported a Au(i) complex,** though the ligand has been used to
stabilise nanoparticles of a range of d-block metals.>**

The tris(triazolyl)methane framework is a highly versatile
architecture which can be readily modified to tune the solubi-
lity and physicochemical properties of resultant complexes.
Firstly, there is broad substrate scope for the preparation of
the azide and thus the substituent R' (Scheme 1). Secondly,
the hydroxyl group can be readily derivatised through simple
base-assisted nucleophilic displacement enabling alkylation”
through etherification (R?) or immobilisation.”” Further,
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Chauvin and co-workers demonstrated that the tris(triazolyl)
methanol can be dehydrated with trifuoroacetic anhydride to
yield a carbocation intermediate which may then be trapped
by a suitable nucleophile (Nuc).*

Given the interests of our group in triazole coordination
chemistry and the photophysics and photochemistry of resul-
tant complexes'®'® we decided to elaborate on the previously
reported synthetic routes to the ligand and its coordination
chemistry. In the current contribution we therefore report the
synthesis and characterisation of the homoleptic complexes of
the group 8 metal ions Fe(u), Ru(u) and Os(u) of the ligand tris
(1-benzyl-1,2,3-triazol-4-yl)-p-anisolylmethane and discuss the
electrochemical and photophysical properties in relation to
previously reported tris-bidentate hexatriazole complexes
[M(btz);]** where btz is a bitriazolyl ligand.>**’

Results & discussion
Synthesis and characterisation

The ligand tris(1-benzyl-1,2,3-triazol-4-yl)-p-anisolylmethane
(ttzm) was prepared according to literature procedures.*®
Briefly, Cu(1)-catalysed coupling of trisethynylmethanol with
benzylazide furnished the precursor tris(1-benzyl-1,2,3-triazol-
4-yl)methanol. Subsequently, treatment with trifuoroacetic
anhydride enabled dehydration and in situ formation of a tris-
triazolylmethyl carbocation, which then underwent electrophilic
addition to anisole to yield the final ligand (Fig. S1 and S27).*
The complex [Fe(ttzm),](PF¢), (Fe) was prepared by reaction
of FeCl, with two equivalents of the ligand in MeOH/water and
was isolated as its hexafluorophosphate salt (Scheme 2). The

OMe
Fe, Ru & Os

Scheme 2 Synthesis of homoleptic complexes Fe, Ru and Os and the heteroleptic complex [Ru(p-cymene)(ttzm)]?* (conditions: (a) (i) trifuoroacetic
anhydride, dichloromethane, (i) anisole, (b) where M = Fe, (i) FeCl,, MeOH/water, 90 °C, (ii) NH4PFs; M = Ru, (i) [Ru(p-cymene)Cl,],, DMF, 160 °C, (ii)
NH4PFg, MeOH; M = Os, (i) (NH4),OsClg, ethylene glycol, 200 °C, (ii) NH4PFe, water, and (c) (i) [Ru(p-cymene)Cl,l,, EtOH, 80 °C, (i) NH4PFg.

This journal is © The Royal Society of Chemistry 2022
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complex is diamagnetic demonstrating the low-spin character
of the d® Fe(u) centre. The "H NMR spectrum (Fig. S31) exhi-
bits a pair of roofed doublet resonances for the anisole rings
at 6 7.20 and 7.92 of the two ttzm ligands and a singlet reso-
nance for three equivalent triazole ring protons at & 7.94
suggesting free rotation of the anisole ring on the NMR time-
scale. Electrospray mass spectrometry enables observation of
the dication [Fe(ttzm),]** (m/z 621.2308) along with the mono-
cationic ion-pair {{Fe(ttzm),]PF,}" (m/z 1387.4146), confirming
formation of the homoleptic bis-ttzm complex.

In our initial attempt to prepare the Ru(u) analogue, the
precursor complex [Ru(p-cymene)Cl,], was heated to reflux in
EtOH with two equivalents of ttzm per Ru(u) centre. Treatment
with ammonium hexafluorophosphate then led to the iso-
lation of a pale-yellow solid. "H NMR spectroscopic analysis of
this material revealed methyl, isopropyl and aromatic reso-
nances for a p-cymene ligand as well as signals for a co-
ordinated ttzm ligand (Fig. S51). This suggests formation of
the heteroleptic complex [Ru(p-cymene)(ttzm)](PF¢),, which
was corroborated by electrospray mass spectrometry. One
singlet resonance is observed for the three triazole ring
protons at § 7.81 suggesting fast rotation of the cymene ligand
as well as the anisole ring in solution on the NMR timescale.
Crystals of X-ray diffraction quality were grown and the struc-
ture of the cation is depicted in Fig. 1. The structure confirms
the tripodal coordination character of the ttzm ligand with
Ru-N bond lengths of 2.0544(13) to 2.0897(13) A. The N-Ru-N

Fig. 1 Molecular structure of the cation [Ru(ttzm)(p-cymene)]®*
(hydrogen atoms, counterions and solvent of crystallisation omitted for
clarity. Ellipsoids at 50% probability). Selected bond lengths (A) and
angles (°): Ru(1)-N(1) 2.0874(12); Ru(1)-N(4) 2.0544(13); Ru(1)-N(7)
2.0897(13); Ru(1)-C(4) 2.2053(16); Ru(1)-C(5) 2.1859(16); Ru(1)-C(6)
2.2026(17); Ru(1)-C(7) 2.2231(17); Ru(1)-C(8) 2.1954(16); Ru(1)-C(9)
2.1865(17); N(1)-Ru(1)-N(4) 82.22(5); N(1)-Ru(1)-N(7) 78.77(5); N(4)-Ru
(1)-N(7) 81.92(5) (CCDC 21569821).

13694 | Dalton Trans., 2022, 51,13692-13702

View Article Online

Dalton Transactions

bond angles range between 78.77(5) to 82.22(5)°, somewhat
smaller than the ideal 90° bond angle for a tripodal ligand and
may reflect the steric requirements of the p-cymene ligand.
Ru-C bond lengths to the p-cymene ligand are typical and lie
between 2.1859(16) and 2.2231(17) A. The complex shows two
irreversible electrochemical reduction processes at —1.48 and
—1.93 V vs. Fc'/Fc and is non-emissive at room temperature,
but exhibits a structured emission band at 77 K with A, =
537 nm (Fig. S71).

The homoleptic complex [Ru(ttzm),](PF¢), (Ru) was success-
fully prepared by repeating the reaction but by heating to
reflux using dimethylformamide as a solvent to enable higher
reaction temperatures and facilitate displacement and replace-
ment of the p-cymene ligand. The appearance of the '"H NMR
spectrum (Fig. S8t) closely resembles that of the Fe(u) ana-
logue and electrospray mass spectrometry allowed observation
of a dication with m/z 644.2172. The Os(u) analogue,
[Os(ttzm),](PFs), (Os) was prepared by reaction of two equiva-
lents of ttzm with (NH,4),[OsCl] in refluxing ethylene glycol.
'H NMR data (Fig. S107) closely match those of its Ru(u) and
Fe(n) analogues with a dication of m/z 689.2453 being observed
by mass spectrometry.

Crystals of X-ray diffraction quality were grown for Os,
however crystals for Fe could not be obtained whilst crystals
for Ru were disordered. Anion metathesis enabled successful
growth of crystals of the tetraphenylborate salt of the Fe(u)
complex. The structures of the cations [Fe(ttzm),]>* and
[Os(ttzm),]** are depicted in Fig. 2a and b, respectively. The
cations adopt distorted octahedral geometries with cis N-Fe-N
angles varying between 85.93(7) to 94.07(7)° and cis N-Os-N
angles between 82.16(9) and 97.84(9)°. The Fe-N(triazole)
bond lengths are similar to those reported by Sarkar for the
homoleptic low-spin complex [Fe(TBTA),](BF,),.>"**

The Fe-N bond to the triazole ring whose plane is approxi-
mately perpendicular to that of the anisole ring is shorter at
1.9351(15) A than the other two Fe-N bonds (1.9413(15) &
1.9646(16) A). The C*™s°_C-C™*°!¢ hond angle for the tri-
azole ring arranged perpendicularly to the anisole ring is
108.32(15)° whilst the corresponding angles for the other two
triazole rings are larger at 112.10(16) and 117.02(15)°. These
differences stem from steric interactions between the anisole
and triazole rings which breaks the three-fold symmetry of the
Ctz; moiety that might be expected and results in a distortion
of the cation such that the C*™*°*_Ctz, bonds are not colinear
with each other or the Fe(u) centre.

Despite this distortion, the [Fe(ttzm),]*" cation exhibits a
much lower distortion parameter X (defined as the sum of the
deviations of the twelve cis N-Fe-N bond angles from the ideal
of 90°) of only 44.04° compared to that of the high-spin cation
[Fe(TPTA),J** (X = 130.8°)*° or the low-spin cation [Fe(TBTA),]**
as its BF,~ salt (X = 71.7°).>* These differences are likely con-
tributed to by the larger chelate ring size in the TPTA complex
and the methylene spacers in both TPTA and TBTA which will
afford a greater degree of flexibility compared to the more
structurally rigid ttzm framework. The Os(u) cation exhibits a
comparable distortion to that observed for [Fe(ttzm),]*". Os-N

2+
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Fig. 2 Molecular structures of the cations [Fe(ttzm),]?* (a) and [Os(ttzm),]?* (b). Hydrogen atoms, counterions and solvent of crystallisation omitted
for clarity. Ellipsoids at 50% probability. In each case only half of the cation is present within the asymmetric unit with the remainder generated by
symmetry. (Selected bond lengths (A) and angles (°) for [Fe(ttzm),]2*: Fe(1)-N(1) 1.9351(15); Fe(1)-N(4) 1.9413(15); Fe(1)-N(7) 1.9646(16); N(1)-Fe(1)-
N(1') 180.0; N(4)—Fe(1)-N(4') 180.0; N(7)-Fe(1)-N(7') 180.0; N(1)-Fe(1)-N(4) 86.25(6); N(1)-Fe—(7) 86.82(6); N(4)—Fe(1)—N(7) 85.93(7); N(1)-Fe(1)-N(4)
93.75(6); N(1)-Fe—(7") 93.18(6); N(4)—Fe(1)-N(7) 94.07(7) (CCDC 2178375%). For [Os(ttzm),]*: Os(1)-N(3) 2.066(2); Os(1)-N(4) 2.048(3); Os(1)-N(7)
2.049(2); N(3)-0s(1)-N(3’) 180.00(9); N(4)-Os(1)-N(4') 180.0; N(7)-0s(1)-N(7") 180.00(15); N(3)-Os(1)-N(4) 84.93(9); N(3')-Os(1)-N(4) 95.07(9); N(3)-
Os(1)-N(7) 82.16(9); N(3)—Os(1)-N(7) 97.84(9); N(4)-Os(1)-N(7) 85.81(9); N(4')-Os(1)—-N(7) 94.19(9) (CCDC 2156981+)).

bond lengths are longer than those for the Fe(i) complex due
to the larger ion and consistent with those in other Os(u) 1,2,3-
triazole-based complexes,”>*® lying between 2.048(3) and
2.066(2) A.

The geometries of the cations [M(ttzm),]** (M = Fe, Ru, Os,
Fig. S12,1 coordinates in ESIT) where optimised using density
functional theory (DFT). In each case the benzyl substituents
were replaced by methyl, firstly as previous studies have indi-
cated that the nature of the N-substituent has minimal contri-
bution to the photophysical properties,"®'® and secondly, to
reduce computational expense. The Fe-N bonds for the Fe(u)
complex are between 1.949 & 1.972 A, slightly longer but in
good agreement with experimentally determined Fe-N bond
lengths, whilst the Ru-N bond lengths in the Ru(u) analogue
are longer, lying between 2.042 & 2.067 A. For the osmium-con-
taining cation, calculated Os-N bond lengths are between
2.050 and 2.073 A and again similar to those observed crystal-
lographically. These calculations reproduce in each case the
distortion induced by the steric effects of the anisole ring that
is observed experimentally for Fe and Os.

Electrochemistry

The three homoleptic complexes were subject to cyclic voltam-
metry analysis in acetonitrile. All three complexes display a
reversible M(u)/M(in) oxidation process (Table 1, Fig. S131). This
appears at +0.72 V (versus Fc/F¢" = 0.0 V) for Fe and is shifted to
more positive potential for Ru consistent with the lower energy
of the 4d orbitals of Ru(1) compared to the 3d orbitals of Fe(u).
For Os this process is significantly cathodically shifted and
appears at +0.35 V consistent with the screening of the

This journal is © The Royal Society of Chemistry 2022

increased nuclear charge by the 4f core orbitals. Interestingly,
the Ru(u)/Ru(m) oxidation process for Ru is shifted by 0.15 V to
more negative potential compared to that of the related hexa-
triazole donor complex [Ru(btz);]** (+1.01 V vs. Fc/Fc¢')*” but is
0.1 V more positive than that of [Ru(TBTA)(btz)]**.>> The Os(u)/
Os(m) couple for Os is cathodically shifted by 0.11 V compared
to that for [Os(btz);]** (+0.46 V vs. Fc/Fc*).>® This suggests that
the d-orbitals in the ttzm complexes are destabilised relative to
those in the homoleptic btz complexes for the same ions.

Irreversible processes assigned to ligand-based reduction
are observed at the very edge of the available electrochemical
window at —2.53 to —2.68 V (vs. Fc/Fc') for Fe, Ru and Os. This
suggests a high energy ligand-centred LUMO in these com-
plexes which is consistent with previously reported hexatria-
zole-based coordination complexes such as [Ru(btz);]** and
[Os(btz);]*" where the LUMO lies approximately 1 eV higher in
energy than those of their bpy analogues®®?” and data for
[Ru(TBTA)(btz)]**.>*

DFT calculations confirm the nature of the frontier orbitals
in the complexes (Fig. 3 and S14-S16%). As anticipated the
LUMO is localised on the triazole rings. The HOMO is indeed
dominated by the metal centre but in each case is represented
by a degenerate pair of orbitals of dn-Lz* character. This
suggests that the ttzm ligand may be acting as a n-donor,
leading to the destabilisation of the metallic d-orbitals inferred
electrochemically (vide supra). For Fe and Os this pair sits
above HOMO-2 which in each case has d,. character. In the
case of Ru, HOMO-2, HOMO-3, and HOMO—4 all have contri-
butions from the d,. orbital but mixed with additional contri-
butions from the anisole moiety n-system (Fig. S15t). Below

Dalton Trans., 2022, 51,13692-13702 | 13695
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Table 1 Summarised electrochemical data (in acetonitrile and potential quoted relative to Fc/Fc* = 0.0 V) and UV-visible absorption data (aceto-
nitrile) for Fe, Ru and Os, and 77 K luminescence data of Os (4 : 1 EtOH/MeOH glass)

Complex  Eq/V (Epa — Epe/mV)  Erea/V. A2 /nm (¢/dm® mol™ cm™) 2™ /nm (77 K)°
Fe +0.72 (110) —2.53% 487 (140), 343 (14 470), 305 sh (7560), 282 (5390), 276 (5560) —

Ru +0.86 (76) —2.68% 339 (24 560), 283 (12 480) —

Os +0.35 (70) —2.61% 413 sh (11 720), 393 (17 480), 359 (25 800), 345 (24 000), 317 (15 060), 283 (8610), 453, 472, 498 (sh)

276 (8690)

“Irreversible. ? dex = 357 nm.

the set of metal-based orbitals for Fe and Os lie orbitals with
significant contributions from the anisole moiety (HOMO-3
to HOMO-7). HOMO-8 and orbitals lower in energy have sig-
nificant triazole n character.

Above the LUMO, LUMO+1 to LUMO+5 for the complexes
have significant triazole n* character whilst LUMO+6 to
LUMO+9 have anisole n* character. The first antibonding M-N
do* orbital appears for Fe, Ru and Os as LUMO+10, LUMO+14
and LUMO+24 respectively. The LUMO-dc* energy gap
increases from Fe to Os from 1.00 to 2.93 eV. This is consistent
with the increase in M-N bond strength and larger ligand field
splitting expected on descending the group.

Photophysical properties

The UV-visible absorption spectra of all three complexes
(Fig. 4) contain intense absorptions below 250 nm assigned to

LUMO

HOMO
& HOMO-1

—

HOMO-2

singlet ligand-centred ('LC) transitions with bands at lower
energy between 300 and 450 nm assigned to metal-to-ligand
charge transfer transitions ("MLCT).*”*° In addition to these
bands, the spectra of the three complexes share a common
vibrationally resolved feature which appears superimposed on
other absorption bands between 250 and 280 nm. The identi-
cally positioned vibrational progressions also appear in the
spectrum of the free ligand (Fig. S171) and are therefore inde-
pendent of the metal ion.

The limited optical absorption in the visible region for Fe
and Ru is consistent with the absorption spectra of other tri-
azole-containing complexes due to the high energy of ligand-
centred unoccupied orbitals.>**” The "MLCT absorption band
for Fe appears at lower energy compared to that of Ru which is
in line with the observed anodic shift in the M(u1)/M(u) process
on moving from Fe to Ru due to the lower energy of the

Fig. 3 Plots of HOMO-2 to LUMO orbitals of Fe, Ru and Os from DFT calculations (isosurfaces at 0.02 a.u.).
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Fig. 4 UV-visible absorption spectra of the complexes Fe, Ru and Os in acetonitrile solution (solid lines) and the normalised emission spectrum of
Os (lex = 357 nm, 'MLCT absorption maximum) in an EtOH/MeOH glass at 77 K (dashed line). Inset: expansion of absorption spectrum for Fe

showing dd transition band.

Ru d-orbital-centred HOMO. The absorption spectrum for Os
features a more complex set of absorption bands that appear
red-shifted compared to those of Fe and Ru. This is consistent
with the cathodic shift in the Os(i1)/Os(u1) redox potential com-
pared to the other complexes, destabilisation of the 5d orbital-
localised HOMO and diminished HOMO-LUMO gap. A very
weak absorption feature is also evident for Fe at 487 nm (& =
140 dm® mol™" em™") which is assigned to the metal-centred
1A, » T, dd transition.

On the low energy side of the most prominent MLCT
absorption feature for Os (359 nm) is a sharp absorption
feature at 393 nm. Based on the photophysical behaviour of
other Os(i1) complexes,*®*° and the similarity to the absorption
spectrum of [Os(btz);]*" the main feature is assigned to tran-
sitions of predominantly '"MLCT character whilst the lower
energy feature is assigned as having significant contributions
from spin-forbidden ground state to *MLCT state excitation.
The observation of these spin-forbidden transitions in absorp-
tion spectra of Os(u) complexes is well documented and arises
from the high spin-orbit coupling constant associated with
the Os centre.*"*

Absorption spectra were simulated using time dependent
DFT calculations at the same level of theory and using the
same basis set as used for geometry optimisation (ESIT).
Calculated spectra are in good agreement with those deter-
mined experimentally (Fig. S181), reproduce the relative posi-
tioning and confirm the character of transitions for the "MLCT
bands between 300 and 400 nm. These lower energy tran-
sitions predominantly involve transfer of an electron from the
metal ion to the triazole moieties in each case. However, whilst
the S, states of Ru (343 nm) and Os (384 nm) have '"MLCT
character, the S; state of Fe appears at significantly lower
energy (471 nm) and is of 'MC character in agreement with
the experimental observation of the 'A; — 'T; dd transition.
The first state with "MLCT character for Fe is Sg (349 nm).

TDDFT data also support the assignment of the high
energy transitions between 200 and 250 nm as arising from

This journal is © The Royal Society of Chemistry 2022

'LC excitations. Between the two features (250-300 nm) calcu-
lations reveal a number of transitions of "MLCT character in
which the excited electron is transferred to the anisole rings of
the ligands. Additional transitions in this region are also
evident arising from intraligand charge transfer from the
anisole moieties to the triazole rings which may account for
the ligand associated vibrationally resolved feature observed
experimentally.

None of the complexes are emissive in room temperature
fluid solutions in agreement with behaviour of their btz
analogues.’®*” The high energy of the triazole-based ligand
localised LUMO resulting in high energy *MLCT states will
enable facile population of *MC dd states and rapid non-radia-
tive deactivation to the ground state. In fact, for [Ru(btz);]*"
DFT studies indicated that both the S; and T, states of the
complex were of MC state character in contrast to the bpy ana-
logue which has MLCT character for the S; and T, states.*”**
Neither Fe nor Ru are emissive at 77 K in frozen solution glass
matrices. The energies of spin-forbidden vertical transitions to
triplet states were also calculated by TDDFT at the ground state
geometries (ESIT). The T, state for Fe has *MC character, again
appearing at low energy (642 nm). Whilst the T, state of Ru is
calculated to have *MLCT character, non-radiative deactivation
via highly accessible MC states is clearly efficient, even at
77 K.

Conversely, Os is emissive at 77 K in an EtOH/MeOH frozen
glass matrix, giving rise to a vibronically structured emission
band with A5 472 nm. The excitation profile recorded under
these conditions closely matches the electronic absorption
spectrum (Fig. S19t). Further, with the free ligand not showing
any absorbance at the wavelength of excitation (Fig. S177), we
can rule out emission arising from any free ligand. In our pre-
vious work, TDDFT data indicated lowest energy transitions of
MLCT character for [Os(btz);]*" which is also emissive at 77 K
but is non-emissive at room temperature. However, the heavily
destabilised **MLCT states compared to those of [Os(bpy);]*"
will similarly result in rapid population of *MC states and non-
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radiative deactivation in solution.>® We therefore assign the T,
state for Os as having significant *MLCT state character (the T,
state in the Frank-Condon region indeed has *MLCT charac-
ter), resulting in the observed cryogenic emission, but which
likely lies in close proximity to deactivating *MC states.

Given our previous work reporting the ligand-release photo-
chemistry of ruthenium(u) and osmium(1) complexes contain-
ing 1,2,3-triazole based ligands we briefly investigated the
photostability of the three complexes reported here. For the
heteroleptic complexes [Ru(bpy),(btz)]** and [Ru(bpy)
(btz),]**,*>**® as well as the homoleptic complex
[Os(btz);]**,*® significant changes are observed in 'H NMR
spectra of samples within a matter in minutes with irradiation
using the Hg emission lines from a domestic fluorescent
lamp. Using this method, and on a similar timescale and con-
centration, 'H NMR spectra of Fe, Ru and Os in d;-acetonitrile
are largely unchanged. This comparative photostability might
be attributed to the tripodal terdentate character of the ligands
and resultant rigidity that will limit conformational freedom
for photodissociation, instead favouring ground state recovery
from MC states. This is in contrast to the seemingly more
facile photo-dechelation and solvent coordination observed for
[Ru(TBTA)(btz)]** and [Os(TBTA)(DMSO)CI]".>*** Significant
changes are observed in 'H NMR spectra after exposure to
light for 24 hours or more, showing that the complexes do in
fact undergo photodecomposition. However, this is evidently
far less efficient than for the photoreactive btz complexes
alluded to above.

Conclusions

The chemistry for forming 1,2,3-triazoles provides highly versa-
tile avenues for ligand design that have been widely
exploited.””™*° Given the rich coordination chemistry associ-
ated with facially coordinating tripodal tris(pyrazolyl)borate
and tris(pyrazolyl)methane type ligands, it is somewhat sur-
prising that very little coordination chemistry has been
reported for the tridentate tris(1,2,3-triazolyl)methane frame-
work. The ligand structure is highly amenable to modification
through the triazole substituents and the substituent on the
central carbon atom of the ligand. Whilst copper(1) and gold(1)
complexes have been reported, and ligands based on this core
architecture have been used to stabilise the surface of metallic
nanoparticles, the wider coordination chemistry of this attrac-
tive ligand has yet to be fully explored.

We have reported here the coordination chemistry of this
ligand architecture with the group 8 metals for the homoleptic
complexes [M(ttzm),]>" (M = Fe, Ru & Os). The iron and ruthe-
nium complexes are non-emissive, most likely stemming from
low-lying ligand field excited states. Indeed, the S; and T,
states of [Fe(ttzm),]** are calculated to be of metal-centred
character. The osmium complex, on the other hand, exhibits
luminescence at 77 K, assigned to a *MLCT state, similarly to
the previously reported hexatriazole complex [Os(btz);]** (btz =
1,1'-dibenzyl-bi-1,2,3-triazol-4-yl). Despite the presence of low-
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lying MC states, the complexes are relatively photostable in
comparison to previously reported btz complexes.

We are currently continuing our investigations of the basic
coordination chemistry of the ttzm ligand framework, as well
as the resultant photophysical and electrochemical properties
of its complexes across the transition metal elements. We will
report results from these on-going studies elsewhere in due
course.

Experimental section
General methods

Where specified, reactions were carried out under an atmo-
sphere of dry nitrogen gas, using standard Schlenk techniques.
The ligand precursor tris(1-benzyl-1H-1,2,3-triazol-4-yl)metha-
nol was prepared according to literature procedures.”®
Reagents were obtained from Sigma-Aldrich, Alfa Aesar, Acros
Organics and Fluorochem and were used without any further
purification. Bruker Ascend spectrometers (400 and 600 MHz)
were used to collect NMR spectra, where all chemical shifts are
reported relative to the residual solvent signal. In the assign-
ments of resonances for the anisole ring, ortho and meta posi-
tions are with respect to the position of the methoxy substitu-
ent. Mass spectra were collected using Agilent 6530 QTOF or
Bruker micro-Q-TOF spectrometers. UV-visible absorption
spectra were recorded on an Agilent Cary-60 spectrophoto-
meter using quartz cuvettes with a path length of 1.0 cm. 77 K
emission spectra of complexes were recorded on a Horiba
Fluoromax-4 spectrophotometer using (4:1) EtOH/MeOH
frozen glass solutions. Cyclic voltammetry studies were under-
taken using a PalmSens EmStat3 potentiostat with PSTrace
electrochemical software using a glassy carbon disc working
electrode, Pt wire counter electrode, Ag/AgCl reference elec-
trode and ("BuyN)(PF) electrolyte in acetonitrile. All voltam-
mograms were calibrated relative to the Fc'/Fc couple as an
internal reference.

Synthesis of 4,4',4"-((4-methoxyphenyl)methanetriyl)tris(1-
benzyl-1H-1,2,3-triazole)

Tris(1-benzyl-1H-1,2,3-triazol-4-yl )methanol (2.07 g,
4.12 mmol) was suspended in anhydrous DCM under an atmo-
sphere of nitrogen. The suspension was cooled to 0 °C and tri-
fluoroacetic anhydride (0.69 mL, 4.96 mmol) was added drop-
wise. An intensely yellow-coloured solution was immediately
formed, which was left to stir for one hour at 0 °C. Anisole
(0.45 mL, 4.12 mmol) was added and the solution turned a
brown colour, slowly becoming pale yellow as the reaction pro-
gressed. The solution was stirred at low temperature for
approximately 3 hours, before being allowed to return to room
temperature, with stirring, overnight. The reaction was
quenched with (1 M) aqueous NaOH (100 mL) and the product
was extracted with DCM (2 x 100 mL). Organic phases were
combined, washed with brine (~50 mL), dried over MgSO, and
volatiles were removed under vacuum. The crude product was
attained as a yellow oil. Purification by column chromato-
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graphy over silica gel (4% MeOH/CH,Cl,) yielded the product
as a pale yellow, microcrystalline solid (1.81 g, 74%).

"H NMR (400 MHz, CDCl;) § 3.73 (s, 3H, ~OCHj3), 5.46 (s,
6H, -CH,Ph), 6.72 (d, J = 8.94 Hz, 2H, H, anisole), 6.95 (d, J =
8.89 Hz, 2H, Hyanisole)y 7-23 (M, 6H, Hyphenyt), 6 7.32 (m, 9H,
H,, p-phenyl)s 7-50 (S, 3H, Hiriazole); ~C NMR (101 MHz, CDCL;) &
46.43, 54.25, 55.36, 113.58, 124.29, 128.13, 128.72, 129.17,
129.50, 134.75, 137.03, 152.53, 158.47; HRMS caled for
C35H3,NoO 594.2724, found mfz 594.2726 [MH]" and for
C35H31NoNaO 616.2544 found m/z 616.2546 [MNa]".

Synthesis of [Fe(ttzm),](PFs), (Fe)

The ligand ttzm (0.12 g, 0.205 mmol) was dissolved in MeOH
(5 mL) and stirred at room temperature. FeCl,-4H,0 (0.021 g,
0.107 mmol) was dissolved in water (5 mL), before being
added to the ligand solution which became red in colour
instantly and which quickly turned to a suspension. The
mixture was heated to 90 °C (reforming a solution in the
process) and was allowed to stir at this temperature for one
hour. NH,PF, (0.19 g, 1.18 mmol) was added to the solution,
causing instant precipitation of a pink solid. The mixture was
stirred at high temperature for a further twenty minutes,
before being allowed to cool to room temperature. This
mixture was filtered and the solids were washed with water,
MeOH and diethyl ether. The product was dried in vacuo for
20 minutes (0.14 g, 88%).

"H NMR (400 MHz, CD;CN) 6 3.92 (s, 3H, ~OCHj3), 5.37 (s,
6H, -CH,Ph), 7.06 (d, J = 3.73 Hz, 6H, Hy pheny1), 7-20 (d, J =
8.72 Hz, 2H, Hyanisole), 7-29 (M, 9H, Hy, pphenyl)s 792 (d, J =
8.85 Hz, 2H, Hanisole)y 7.94 (S, 3H, Hgiazole); ~C NMR
(150 MHz, CD3;CN) § 47.08, 56.21, 56.37, 116.13, 124.83,
125.52, 128.59, 129.79, 129.96, 130.22, 135.48, 151.97, 161.49;
HRMS (ESI) caled for [FeC,oHg,N150,]*" 621.2321 found m/z
621.2308 [M]*".

Synthesis of [Fe(ttzm),](BPh,),

The iron complex was also prepared by an analogous route as
its BPh,~ salt from FeBr, (0.026 g, 0.122 mmol), ttzm (0.133 g,
0.224 mmol) and NaBPh, (0.254 g, 0.741 mmol) to yield a pink
solid (0.173 g, 82%). The BPh,™ salt showed limited solubility
precluding full NMR characterisation but did enable crystals of
diffraction quality to be grown from the vapour diffusion of di-
ethylether into a concentrated dimethylformamide solution.

Synthesis of [Ru(p-cymene)(ttzm)](PF),

The ligand ttzm (0.21 g, 0.349 mmol) and [Ru(p-cymene)Cl,],
(0.051 g, 0.084 mmol) were combined in a two-necked flask
under an atmosphere of nitrogen. Deaerated EtOH (40 mL)
was added and the mixture was stirred at 80 °C overnight, in
the dark. The resultant yellow solution was allowed to cool to
room temperature before being concentrated under reduced
pressure. NH,PF, (0.35 g, 2.14 mmol) was added and the
mixture was allowed to stir for 20 minutes at r.t. during which
time precipitation of a yellow solid was observed. Diethyl ether
was added to ensure precipitation of all product. The mixture
was filtered and solids were washed with cold water, EtOH and
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diethyl ether. The solids were dried in vacuo for 10 minutes
and then oven dried at 65 °C for a further 10 minutes (0.15 g,
94%). X-ray quality crystals were attained by slow evaporation
of an acetone solution.

'H NMR (400 MHz, CD,CN) § 0.97 (d, J = 6.94 Hz, 6H, 'Pr
CHS;), 5 2.34 (s, 3H, cymene CHj), 3.02 (sept, J = 6.90 Hz, H, 'Pr
~CHMe,), 3.88 (s, 3H, ~CH3), 5.53 (s, 6H, -CH,Ph), 5.93 (d, J =
6.37 Hz, 2H, Heymene), 6.15 (d, J = 6.42 Hz, 2H, Heymene), 7-13
(d, J =9.02 Hz, 2H, H, anisole), 7-38 (s, 15H, Ph), 7.61 (d, J = 9.00
Hz, 2H, H,anisole), 7-81 (8, 3H, Hiriazore); °C NMR (150 MHz,
CD;CN) 6 19.34, 22.08, 31.14, 45.17, 56.38, 56.77, 87.83, 89.86,
107.16, 110.34, 116.14, 123.94, 125.93, 129.88, 130.00, 130.05,
130.14, 134.45, 144.46, 161.66; HRMS calcd for [RuCysH,5NoO]
(PF)s" 974.2427, found m/z 974.2420 [M — PF,]" and caled for
[RuC45H,5NoO]*" 414.6390, found m/z 414.6397 [M]*".

Synthesis of [Ru(ttzm),](PFs), (Ru)

The ligand ttzm (0.2019 g, 0.340 mmol) and [Ru(p-cymene)
Cl;], (0.0514 g, 0.0839 mmol) were dissolved in deaerated di-
methylformamide (12 mL) under a nitrogen atmosphere. The
red/orange solution was then heated to 160 °C and stirred over-
night in the dark. A beige suspension was observed which was
filtered after cooling. The collected solid was dissolved in
MeOH and an excess of NH,PF,; was added resulting in pre-
cipitation. Diethyl ether was added to precipitate further
material from solution and the mixture was filtered. The col-
lected solids were washed with water, MeOH and diethyl ether
and dried in vacuo for 5 minutes before being oven dried at
65 °C for 15 minutes (0.1034 g, 39%).

'H NMR (400 MHz, CD3CN) § 3.93 (s, 3H, -OCHj3), 5.38 (s,
6H, ~CH,Ph), 7.09 (m, 6H, Hyphenyt), 7.20 (d, J = 8.94 Hz, 2H,
Hy.anisole)y 7-29 (M, 9H, Hyy o phenyt)s 7-91 (S, 3H, Heiazole), 793
(d, J = ~8.9 Hz, 2H, H,,,.anisole, partially overlapped with triazole
proton resonance); ">*C NMR (101 MHz, CD;CN) § 47.49, 56.14,
56.38, 116.06, 125.32, 125.82, 128.69, 129.82, 129.97, 130.40,
135.37, 147.65, 161.49; HRMS caled for [RuC-;oHg,N;0,]*"
644.2168, found m/z 644.2172 [M]*".

Synthesis of [Os(ttzm),](PFg), (Os)

The ligand ttzm (0.2030 g, 0.342 mmol) was combined with
(NH,4),0sClg (0.0748 g, 0.170 mmol) and ethylene glycol (8 mL)
under a nitrogen atmosphere. The mixture was heated to
200 °C and stirred overnight in the dark. The dark solution
was allowed to cool to room temperature and a solution of
NH,PF; (0.2188 g, 1.34 mmol) in water (25 mL) was added and
the mixture stirred for 30 minutes resulting in precipitation.
The mixture was filtered and the collected solids were washed
with water and diethyl ether. The crude material was dried
in vacuo for 10 minutes and oven-dried at 65 °C for 30 minutes.
The product was then purified by column chromatography
(silica gel, DCM/MeCN 6 : 1) yielding pure material as a yellow
powder (0.058 g, 20%). X-ray quality crystals were obtained by
vapour diffusion of diisopropyl ether into an acetonitrile/
acetone solution.

'H NMR (400 MHz, CD;CN) § 3.94 (s, 3H, -OCH3), 5.37 (s,
6H, -CH,Ph), 7.10 (m, 6H, Hy phenyt), 7-22 (d, J = 8.94 Hz, 2H,

Dalton Trans., 2022, 51,13692-13702 | 13699


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2dt02503e

Open Access Article. Published on 22 August 2022. Downloaded on 5/11/2026 1:16:10 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Ho—am’sole); 7.29 (m; 9H, Hm,p-phenyl); 7.92 (S; 3H, Htriazole)y 7.96
(d, J = 8.95 Hz, 2H, H,,.anisole); "C NMR (101 MHz, CD;CN) &
48.36, 56.15, 56.38, 116.06, 124.96, 125.60, 128.69, 129.82,
129.96, 130.37, 135.36, 145.52, 161.50; HRMS caled for
[08C7oHeaN 150,17 689.2453, found m/z 689.2453 [M]*".

Computational details

The geometries of the ground states of the complexes were
optimised using density functional theory using the B3LYP
hybrid functional*®®® (20% Hartree-Fock) for Ru and Os in
the Orca 4.2.1 software package.’’*> The B3LYP* functional
(15% Hartree-Fock) was used for Fe.>>”* Def2-ECP effective
core potential and def2/j auxiliary basis set was used for ruthe-
nium and osmium with def2-tzvp(-f) basis sets used for all
other atoms.”> All calculations were conducted using
Grimme’s D3-BJ dispersion correction®**” along with the SMD
implicit solvation model (acetonitrile).*® In these DFT calcu-
lations the resolution-of-identity (RI) approximation for hybrid
functionals (as implemented in ORCA) was employed to calcu-
late the Coulomb energy term using the Ahlrichs/Weigend
Def2-TZV basis as the auxiliary basis set and the exchange
term by the so-called ‘chain-of-spheres exchange’ (COSX) algor-
ithm. Benzyl substituents were replaced by methyl groups as
these will have little impact on the photophysical properties
and also saves on computational expense. Calculated optical
absorption spectra were determined by time dependent DFT
for the first 100 vertical excitations. Molecular orbitals were
visualised using the Gabedit software package with isosurfaces
set to 0.02.

Single crystal X-ray diffraction

Crystals of X-ray diffraction quality of [Ru(p-cymene)(ttzm)]
(PFg), and [Os(ttzm),](PFe), were obtained by slow evaporation
of an acetone and slow diffusion of diisopropylether into an
acetonitrile/acetone  solution  respectively. Crystals of
[Fe(ttzm),](BPh,), were grown by vapour diffusion of diethyl-
ether into a dimethylformamide solution. Data were collected
at 150 K on a Bruker D8 Venture diffractometer equipped with
a graphite monochromated Mo(Ka) radiation source and a
cold stream of N, gas. Solutions were generated by convention-
al Patterson heavy atom or direct methods and refined by full-
matrix least-squared on F* data, using SHELXS-97 and SHELXL
software respectively.’® Absorption corrections were applied
based upon multiple and symmetry-equivalent measurements
using SADABS.®® One of the hexafluorophosphate counter ions
displayed some rotational disorder and this was refined over
two positions using the PART instruction in the l.s. refine-
ment. Crystallographic data is available as ESIf or can be
downloaded from the Cambridge Crystallographic Datacentre
(CCDC 2156982, 2156981 & 21783757).

Crystal data for CCDC 2156982, Cs,H45F1,NgO3P,Ru, M =
1222.97, triclinic, @ = 11.4134(4) A, b = 11.7793(4) A, ¢ =
21.3297(7) A, a = 105.174(1), p = 93.806(1), y = 98.627(1), V =
2719.49(16) A®, T = 150 K, space group P1, Z = 2, 20754 reflec-
tions measured, 17 315 independent reflections (R, = 0.0396).
The final R, values were 0.0402 (I > 26(I)). The final wR(F?)
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values were 0.0976 (I > 26(I)). The final R, values were 0.0539
(all data). The final wR(F*) = 0.1046 (all data). The goodness of
fit on F° was 1.046. Largest peak and hole (e A~*) 0.759/—0.782.

Crystal data for CCDC 2156981,F C;3HggF12N2,0,05P,, M =
1825.68, triclinic, a = 11.866(3) A, b = 12.902(3) A, ¢ = 12.921(3)
A, a =95.897(10), f = 94.850(9), y = 92.366(14), V' = 1958.2(9) A®,
T = 150 K, space group P1, Z = 1, 11 883 reflections measured,
11329 independent reflections (R;,c = 0.0567). The final R,
values were 0.0395 (I > 20(I)). The final wR(F°) values were
0.0993 (I > 206(I)). The final R, values were 0.0445 (all data). The
final wR(F®) = 0.1032 (all data). The goodness of fit on F* was
1.046. Largest peak and hole (e A™%) 1.484/—1.405.

Crystal data for CCDC 2178375, Cj18H102B2FeN;30,, M =
1881.64, orthorhombic, a = 21.3382(7) A, b = 17.6313(5) A, ¢ =
25.4672(7) (3) A, @ = 90, =90, y = 90, V = 9581.3(5) A, T =
150 K, space group Pbca, Z = 4, 13 426 reflections measured,
9608 independent reflections (R, = 0.0626). The final R,
values were 0.0628 (I > 20(I)). The final wR(F®) values were
0.1267 (I > 206()). The final R, values were 0.0951 (all data). The
final wR(F®) = 0.1391 (all data). The goodness of fit on F* was
1.090. Largest peak and hole (e A™%) 0.448/—0.494.
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